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Abstract

Two-dimensional (2D) organic-inorganic perovskites as one of the most important photovoltaic material used in solar
cells have attracted remarkable attention. These 2D perovskites exhibit superior environmental stability and wide
tunability of their optoelectronic properties. However, their photovoltaic performance is far behind those of traditional
three-dimensional (3D) perovskites. In this work, we demonstrate the power conversion efficiency (PCE) of 2D perovskite
solar cells (PVSCs) is greatly improved from 3.01% for initial to 12.19% by the incorporation of PbBr,. The enhanced
efficiency is attributed to superior surface quality, enhanced crystallinity, and the resulting reduced trap-state density.
Furthermore, PbBr, incorporated devices without encapsulation show excellent humidity stability, illumination stability,
and thermal stability. This work provides a universal and viable avenue toward efficient and stable 2D PVSCs.
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Introduction

During the past decade, the hybrid organic-inorganic pe-
rovskites have drawn significant attention as promising
photo-voltage materials due to their easy preparation
process and excellent optoelectronic characteristics, such
as small exciton binding energy, appropriate bandgap,
great light absorption, and long exciton diffusion length
[1-6]. At present, the highest certified PCE has exceeded
25% of 3D PVSCs [7]. Unfortunately, the stability issue of
3D perovskite hinders the commercial application of per-
ovskite solar cells. For example, CH3NH;3Pbl; (MAPbI;)
perovskite will degrade rapidly when exposed to light for
long periods of time or exposed to moisture [8, 9]. This
problem prompted researchers to work hard to improve
the stability of perovskite materials.

Recently, 2D perovskite (RNH3),A,,_1M,,X3,.,1 (Ruddle-
sden-Popper phase) have been developed due to their out-
standing moisture resistance, wherein R is a long-chain
organic group or bulky organic group, A stands for small
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organic cation (MA", FA", or Cs*), M corresponds to the
B-cation in the three-dimensional perovskite (ie., Pb**
and Sn®*), X is halide anion (I", Br~ and Cl), and # is the
number of octahedrons in each individual perovskite layer
which defined the number of 2D perovskite [10-17].
Owing to the stronger van der Waals interaction between
the blocked organic molecules and the [MXg]*™ unit, 2D
perovskite exhibits better stability than 3D perovskite [10].
However, the large exciton binding energy of 2D perovsk-
ite makes exciton dissociation more difficult [18]. Mean-
while, the insulation of the organic spacer layer hinders
the transport of carriers, resulting in a reduction in photo-
generated current [12]. Therefore, the PCE of 2D PVSCs
lags far behind that of their 3D counterparts.

Different methods have been implemented to improve
the performance of 2D PVSCs, including additive engineer-
ing [19-24], component regulation [25-33], interfacial
engineering [34-37], and preparation process [38—40].
Halogen ions show great potential to improve the perform-
ance of the device in 3D PVSCs. For example, a small
amount of chloride in 3D perovskite can extend the crystal
crystallization time, change the crystal growth direction,
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reduce the density of trap states, and increase the diffusion
length of photo-generated carriers [41-44]. Meanwhile,
previous work proves that a small amount of bromine
doped 3D perovskite enhances the stability, suppresses ion
migration, and reduces trap-state density [45]. Considering
the composition of 2D perovskite, it is necessary to carry
out research on halogen regulation. However, only limited
work has been carried on the influence of 2D perovskite
halogen regulation on device performance. Liu and his co-
worker have found that chloride plays a critical role to im-
prove perovskite morphology. By regulating the chloride ra-
tio of the precursor solution, the 2D perovskite film with
increased grain size, enhanced crystallinity, and uniform
surface was obtained. As results, the PCE of 2D PVSCs
with excellent stability was remarkably improved from 6.52
to 12.78% [46]. These results confirm that halogen regula-
tion can improve the performance of 2D PVSCs.

In this work, we investigated the influence of bromine
on the opto-electronic properties of the 2D perovskite by
using n-butylamine (BA) spacer. Bromine was incorpo-
rated by using lead (II) bromide (PbBr,). It is demon-
strated that the incorporation of an appropriate amount of
bromine is able to facilitate the formation of high-quality
2D perovskite film, which results in the reduced defect
states of 2D perovskite film and enhanced photovoltaic
performance of 2D PVSCs. The PCE of 2D PVSCs is
boosted from 3.66 to 12.4%. More interestingly, the opti-
mal 2D PSVCs devices exhibit a significant improvement
in humidity, illumination, and thermal stabilities.

Method

Materials and Solution Preparation

Lead (II) iodide (Pbl,), PbBr,, n-butylammonium iodide
(BAI), methylamine iodide (CH3NH;zl, MAI), PEDOT:PSS
(4083) aqueous solution, phenyl-C61-butyric acid methyl
ester (PCg;BM), and bathocuproine (BCP) were purchased
from Xi’an Polymer Light Technology Cory. N,N-dimethyl-
formamide (DMF), dimethyl sulfoxide (DMSO), and chlo-
robenzene were ordered from Sigma-Aldrich. Isopropanol
was purchased from You Xuan Trade Co., Ltd. All reagents
and solvents were used as received. The 2D perovskite
BA,MAPbsli6 10,Briox (7 = 5, x = 0, 5, 10, or 15%) precur-
sor solution (0.8 M) was fabricated by adding BAI, MAI
Pbl,, and PbBr, with a molar ratio of 0.4:0.8:1-x:x in the
mixed solvent of DMSO and DMF in 1:15 volume ratio.

Device Fabrication

The indium tin oxide (ITO) substrates were cleaned by se-
quential sonication in detergent, acetone, absolute ethyl
alcohol, and deionized water for 15 min each. The ITO
substrates were dried in N, flow and cleaned by UV-0;
treatment for 15 min. PEDOT:PSS aqueous solution was
then spin-coated onto the ITO substrates under 5000 rpm
for 30, followed by annealing at 150 °C for 15 min in air.
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Subsequently, the PEDOT:PSS/ITO substrates were trans-
ferred into a nitrogen glove box. The 2D perovskite solu-
tions with different bromine content were spin-coated
onto the preheated PEDOT:PSS/ITO substrates by a spin-
coating process at 5000 rpm for 20 s and then annealing
at 100 °C for 10 min. After annealing, the prepared PCBM
solution (20 mg/mL in chlorobenzene) and BCP solution
(0.5 mg/mL in isopropanol) were posited above on 2D
perovskite film at 2000 rpm for 30 s and 5000 rpm for 30
s, respectively. Finally, thermally evaporation was imple-
mented to prepare the electrodes Ag with thickness of 70
nm.

Measurement and Characterization

The scanning electron microscope (FEI-Inspect F50,
Holland), atomic force microscopy (Cypher S), and X-
ray diffraction (Bruker D8 ADVANCE A25X) measure-
ments were conducted based on the structure of ITO-
etched glass/PEDOT:PSS/2D perovskite. The UV-visible
absorption spectrum of 2D perovskite films on glasses
was measured by Shimadzu 1500 spectrophotometer. PL
spectrum was collected by Fluo Time 300 (Pico Quant)
spectrofluorometer. The current density-voltage (J-V)
characteristics of 2D PVSCs were collected using a
Keithley 2400 Sourcemeter under AM 1.5G sun intensity
irradiated by a Newport Corp solar simulator. The active
area of the device is 0.04 cm?. The J-V curves were mea-
sured in the reverse (from 1.2 to 0V) and forward (from
0 to 1.2V) directions with a scanning rate of 0.23 V/s,
fixed voltage interval of 0.0174 mV, and dwelling time of
10 ms. Dark current-voltage curves were measured in
the same way under the dark condition.

Results and Discussion

The 2D perovskite films incorporated different amounts of
bromine were prepared by a previously reported hot-casting
method. By using this method, substrates are preheated to
favor crystallization and orientation [40]. To investigate the
effects of different amounts of PbBr, in the 2D perovskite
precursor solutions on the morphology of resultant film, a
scanning electron microscope (SEM) and atomic force mi-
croscopy (AFM) measurements were carried out. As shown
in Fig. 1a, the 2D perovskite BA;MA4Pbsl;g 10,Brig, film
without bromine incorporation (x = 0%, denoted as control
perovskite) exhibits a poor morphology with big cracks, in-
dicating the low coverage and inferior compactness. The
cracks are disappeared in the 2D perovskite film with 5
mol% PbBr, content (x = 5%, denoted as perovskite-5%).
However, the perovskite-5% film still shows some pinholes
(Fig. 1b). In the case of the 2D perovskite film with 10 mol%
PbBr, content (x = 10%, denoted as perovskite-10%), the
film surface becomes uniform and compact without any
cracks or pinholes (Fig. 1c). As the PbBr, content is further
increased to 15 mol% (x = 15%, denoted as perovskite-15%),
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Fig. 1 SEM images of BA,MA4PDsl 6 10,Br0x films based on a 0% PbBr,, b 5% PbBr,, ¢ 10% PbBr,, and d 15% PbBr,
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cracks appeared in the film again (Fig. 1d). The AFM im-
ages of 2D perovskite film with various amounts of PbBr,
are shown in Fig. 2a—d, which are consistent with the SEM
results. The control perovskite film shows a rough surface
with a high root-mean-squared roughness (RMS) value of
51.2 nm. The partial replacement of iodine with bromine
greatly reduces the RMS value to 21.3 nm for perovskite-5%
and 23.1 nm for perovskite-15%, respectively. Especially, the
perovskite-10% film exhibits a quite smooth surface with
the lowest RMS value of 10.7 nm due to the disappearance
of cracks and pinholes. The above results indicate that in-
corporating an appropriate amount of bromine is beneficial
to improve the uniformity and surface coverage of the 2D
perovskite film. It is well known that cracks and pinholes in
the film can lead to strong energetic disorder, cause recom-
bination, impede charge transport, and weaken photovoltaic
performance [47]. Therefore, obtaining a uniform and well-
covered perovskite film is essential to improve device
efficiency.

To investigate the impact of bromine on the crystal
phase and crystallinity of 2D perovskite films, X-ray dif-
fraction (XRD) measurements were performed. As
shown in Fig. 2e, all films show two distinctive diffrac-
tion peaks at around 14.5° and 28.4°, which can be
assigned to (111) and (202) crystallographic planes, re-
spectively. Previous studies have suggested that both the
(111) and (202) orientation allow the [(MA),_1Pb,ls,.1]*
~ slabs grow in vertical alignment to the PEDOT:PSS/
ITO substrate [13, 23, 24]. Therefore, limited replace-
ment of iodine with bromine is conducive to the

formation of vertically oriented 2D perovskite film, as
evidenced by the preferred intensity increase in the (111)
and (202) peaks [48]. The vertical oriented 2D perovskite
film allows more efficient transport of photon-induced
carriers, improving photovoltaic performance of PVSC
[23, 24]. On the one hand, the diffraction peaks at
around 14.5° and 28.4° both become stronger upon the
incorporation of bromine, suggesting the enhanced crys-
tallinity of the perovskite film. On the other hand, the
two peaks are gradually shifted towards higher angles
upon the bromine incorporation, which is due to the
smaller size of the bromine ion with respect to the iod-
ine ion that shrinks the crystal lattice [13]. These gradual
shifts in diffraction peak position prove that mixed
BA;MAPbslig 10,Brio, perovskites are formed with
bromine ion inserted in the crystal lattice. It is worth
noting that all of the films show the peaks of (0 k0) re-
flections at low angles (< 10°), indicating the formation
of 2D RP perovskite structures (Fig. 2f). However, the
control film exhibits some diffraction peaks that could
not be assigned to any typical 2D perovskite characteris-
tic peak. The intensity of these undesired peaks is weak-
ened upon the incorporation of bromine, giving rise to
the lowest intensity in perovskite-10% film. This
phenomenon suggests that the incorporation of moder-
ate bromine can inhibit the formation of the impurity
phases in the 2D perovskite film.

Furthermore, the absorbance and photoluminescence
(PL) measurements were carried out to understand the
influence of bromine incorporation on the film optical
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Fig. 2 AFM images of BA,MA,PDsly6.10,Br0x films based on a 0% PbBr,, b 5% PbBr,, ¢ 10% PbBr,, and d 15% PbBr,. X-ray diffraction patterns (e)
and corresponding local enlarged image (f) of BAMALPDsl 6-10xBr0x films with various amounts of PbBr,
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properties, as summarized in Fig. 3a—c. Figure 3a shows the
UV-visible absorption spectra of the 2D perovskite film
with various amounts of PbBr,. All these films show dis-
tinctive exciton absorption peaks in the absorption spectra,
which are assigned to 2D phases with #» = 2, 3, and 4, al-
though nominally prepared as “n = 5.” The perovskite-10%
exhibits the enhanced absorbance intensity, resulting from
a dense and uniform nature of the resultant film, as evi-
denced by the SEM and AFM images. Besides, the absorp-
tion edge of BA;MAPbslig 10,Brio, has a blue shift with
the increase of x value, which proves the widening of band-
gap [49]. Figure 3b presents the steady-state PL spectra of
the 2D perovskite films deposited on glass substrates. As
compared to the control sample showing the weakest PL
signal, either perovskite-15% sample or perovskite-5% sam-
ple exhibits the increased PL signal, while the perovskite-
10% sample shows the strongest PL signal. Remarkable PL
enhancement is observed after incorporating bromine, indi-
cating the reduced trap-state density in the PbBr, treated
films. Figure 3c displays the time-resolved PL decay spectra
of the BA;MA,Pbsli6 10,Brig, films spin-coated on glass
substrates, which also proves the reduction of trap-state
density in perovskite with the incorporation of bromine.
The time-resolved PL curves were fitted with a two-
exponential equation (Eq. (1)) containing a fast decay and a
slow decay process, and the fitting parameters are summa-
rized in Table 1. The fast decay (z;) is considered to be the

result of the quenching of carriers transport in the per-
ovskite domain, and the slow decay (z,) is the result of
radiative recombination [50]. The average lifetime () of
2D perovskite films are calculated according to Eq. (2).
The perovskite-10% film presents the longest 7 of 3.47
ns as compared to other films (i.e., 0.9 ns, 2.72 ns, and
1.31ns for control film, perovskite-5% film, and
perovskite-15% film, respectively), suggesting a slower
recombination process with less defects.

1(t) = Ay exp(— Til) LA exp(— T%) (1)

T=A1XT1+A2XT2 (2)

In addition, to investigate whether reduced defect states
arise from the PbBr, when the 2D perovskite films are as-
sembled in a PVSC structure, dark current-voltage curves
of the corresponding devices were also collected (Fig. 3d).
The dark current of the device based on the perovskite-
10% film is much lower than that of the device based on
the control film at the same voltage. The lower dark
current of the device based on the perovskite-10% film in-
dicates that the reduced defect states are indeed contrib-
uted by the bromine incorporation.

It is shown PbBr, in 2D perovskite films induced im-
proved morphology, crystallinity, and opto-electronic



Han et al. Nanoscale Research Letters (2020) 15:194 Page 5 of 8
p
(@) — e (b)
— x0.05
— x=0_10
- — 0.13 .
= e
r g
= g
g -
- @
2 -
- [
g g
< z
Ll L] T T T
400 /00 800 600 700 800 900

¥avelength (nm)

(©)

Intensity

Time (nsz)

Fig. 3 a Absorption spectra, b steady-state PL spectra, and ¢ time-resolved PL curves of BA;MA,PDsl610Br 10y film with various amounts of PbBr, spin-
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properties. We fabricated PVSC devices with the planar p-
i-n architecture as indium tin oxide (ITO)/PEDOT:PSS/
BA;MA4Pbsly6.10,Br10,/PCBM/BCP/Ag. The J-V curves
and the related parameters of the best-performing devices
are shown in Fig. 4a and Table 2. The PVSCs based on
the control perovskite film yielded a poor device perform-
ance, showing a champion PCE of 3.01% with an open-
circuit voltage (V) of 0.89V, a short-circuit current dens-
ity (Joo) of 828 mA/cm? and a fill factor (FF) of 40.79%.
The introduction of bromine into the perovskite precursor
remarkably increases the PCE of the device (Fig. 4a). The
highest PCE of 12.19% with a V. of 1.02'V, a J,. of 17.86

Table 1 Time-resolved PL parameters of BA,MA4PDsl 6 10:Brox
films spin-coated on glass substrates

Sample A, T; (ns) A, 75 (ns) T (ns)
0x=0) 0.86 049 0.14 345 0.90
5 (x = 0.05) 0.80 1.32 0.20 6.08 2.72
10 (x = 0.10) 0.75 1.59 025 9.12 347
15 (x = 0.15) 0.83 0.76 0.17 4.04 1.31

mA/cm?, and a fill factor (FF) of 66.91% was obtained in
the 10 mol% PbBr,-treated device compared to 8.88% in
the 5mol% PbBr,-contained device and 7.85% in the 15
mol% PbBr,-contained device. In order to more accurately
compare the performance of these devices, 20 devices for
each case were fabricated. From statistical data (Fig. S1,
Supporting Information), the device with 10 mol% brom-
ine shows the relatively higher V,. and FF, which is as-
cribed to the reduced trap-state density resulting from
high-quality perovskite film, as discussed in Fig. 3b-d.
The higher V. in Br-contained devices can also attribute
to the increased bandgap. The bandgap of the BA,MA,P-
bsli6.10xBr10x increases with the increasing PbBr, ratio, as
evidenced by Fig. 3a [49]. Thus, the 15 mol% PbBr,-con-
tained device shows the highest V.. Moreover, the high
Jsc in 10 mol% PbBr,-contained device can attribute to the
increased light absorption and the efficient charge trans-
port, as discussed above. The hysteresis of the devices
based on the control perovskite film and perovskite-10%
film was investigated by scanning the J-V curves in differ-
ent directions (Fig. 4c and Fig. S2). The device based on
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the perovskite-10% exhibits slight hysteresis while serious
hysteresis characteristic was observed in the device based
on the control perovskite, indicating again the significant
reduced defect states in the former case.

Furthermore, the incorporation of PbBr, can effect-
ively enhance the humidity, illumination, and thermal
stability of the 2D PVSCs. The unsealed control
device and device based on perovskite-10% were
exposed to a relative humidity level of 45-60% at
25°C for the humidity stability testing. The PCE of
the control device declines to 50% of its original value
within 30 days while the device based on perovskite-
10% still maintains 85% of its initial efficiencies under
identical conditions (Fig. 4d). Interestingly, the intro-
duction of PbBr, also enhances the illumination sta-
bility of the PVSCs. After being irradiated
continuously under AM 1.5G sun intensity for 240
min, the devices retain more than 80% of the original

Table 2 Photovoltaic parameters of the champion devices
based on BA,MA4PDsl 6.10xBrox films with various amounts of
bromine

Sample Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
x=0 089 8.28 40.79 301

X =005 095 14.84 63.02 888
x=0.10 102 1786 66.91 1219
x=015 106 1459 50.73 7.85

PCE for perovskite-10% while only less than 50% for
the control perovskite (Fig. 4e). The enhancement of
thermal stability also confirmed by measurement.
Both the control device and perovskite-10% device
were thermally annealed at 85°C in nitrogen atmos-
phere without encapsulation. As shown in Fig. 4f, the
perovskite-10% device retains 83% of its initial PCE
after 300 min, which is much higher than that of the
control device (54%).

Conclusion

In conclusion, we demonstrated that incorporating suit-
able bromine in precursor solution can improve the
morphology of 2D perovskite films with enhanced crys-
tallinity, leading to an improvement in opto-electronic
properties in terms of absorbance and trap density. The
outstanding film quality and opto-electronic properties
yield an obvious enhancement in PCE from 3.01 to
12.19%. Moreover, the bromine incorporation enhances
the tolerance of PVSCs to humidity, illumination, and
thermal stability. These results prove that incorporating
bromine is crucial to achieving stable high-performance
2D PVSCs.

Additional File

Additional file 1: Fig. S1. Statistic distribution for (a) V., (b) Ji, (C) FF,
and (d) PCE of 2D PVSCs based on BA;MA,PDslie.10,Brioy films with
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various amounts of PbBr,. Fig. $2. J-V curves of the control device at
different scan directions.
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